Gamma radiation is known to induce changes in physical, optical, and structural properties in chalcogenide glasses, but previous research has focused on As 2 S 3 and families of glasses containing Ge. For the first time, we present composition and dose dependent data on the As-S binary glass series. Binary As x S 100Àx (x = 30, 33, 36, 40, and 42) glasses were irradiated with gamma radiation using a 60 Co source at 2.8 Gy/s to accumulated doses of 1, 2, 3, and 4 MGy. The irradiated samples were characterized at each dose level for density, refractive index, X-ray diffraction (XRD), and Raman spectrum. We report an initial increase in density followed by a decrease as a function of dose that contradicts the expected compositional dependence of molar volume of these glasses. This unusual behavior is explained based on microvoid formation and nanoscale phase-separation induced by the irradiation. XRD, Raman, and electron spin resonance data provide supporting evidence, underscoring the importance of optimally-or overly constrained structures for stability under irradiation.
I. Background R ADIATION stability of chalcogenides was reported early in the 1960s. 1 Edmond et al. 2 demonstrated the potential of using molten As-S-Se-Te-Ge glass for measuring temperature in nuclear reactors. Minami et al. 3 reported c-ray-induced conductivity in As-S-Te and As-Se-Te glasses on exposure to 60 Co radiation. Holmes-Siedle 4 reviewed the state-of-the-art of radiation sensitivity of glasses (including chalcogenides) in 1974. Calemczuk and Bonjour 5 reported c-ray-induced relaxation of amorphous selenium below the glass transition. Early work from Shpotyuk's group 6 used electron spin resonance (ESR), optical and infrared spectroscopy to study the effect of Co 60 c-radiation on As 2 S 3 glasses, and found some evidence of As-S to As-As covalent bonds switching in the irradiated glasses. Domoryad 7 investigated the effect of Co 60 c-radiation on the shear modulus, internal friction, microhardness, and shrinkage of As 40 S 60 -As 40 Se 60 , As 40 Se 60 -As 40 Te 60 , As-Se-Ge, and As-Se-I glasses, and reported gamma-stimulated densification. The densification was interpreted as due to changes in the lengths of polymer chain segments under irradiation.
Shpotyuk and Matkovskii
8 reviewed the radiation-stimulated processes in vitreous As 40 S 60 and found that c-irradiation of amorphous, as opposed to crystalline, As 40 S 60 with 60 Co to a dose of~10 5 Gy to an increase of microhardness and longitudinal ultrasonic velocity, a decrease of acoustic loss and acousto-optical quality coefficients, as well as a long-wave shift of the absorption edge. These effects were reversible by 390-450 K annealing. These authors observed that c-induced changes in the physical properties of a-As 40 S 60 depend on the radiation treatment parameters (dose, temperature in the source cavity, etc.) and the thermal history of the samples. Shpotyuk et al. 9 correlated radiation-induced changes in microhardness and shift in infrared (4000-400 cm À1 ) absorption edge of As 40 S 60 and explained the connection in terms of defect formation and impurity radiolysis.
Balitska and Shpotyuk 10 used a differential FTIR spectroscopy (400-100 cm À1 ) to study radiation-induced structural transformations, and correlated these transformations to formation of As +4 , S À1 coordination defects. Shpotyuk and other researchers explored these radiation-induced processes in more complex glasses, e.g., Ge-As-S, [11] [12] [13] [14] [15] [16] [17] [18] Ge-As(Sb)-S, [19] [20] [21] As-Se, 22, 23 Cu-As-Se, 24 , and other systems. 25 , 26 Kavetskyy et al. 27 summarized structural studies of c-induced changes in As 40 S 60 glass using combined X-ray diffraction (XRD), synchrotron-based high-energy XRD (HEXRD), and extended X-ray absorption fine structure (EXAFS) spectroscopy. Major structural changes observed included a decrease in a so-called "packing" factor of amorphous layers, possible increase in structural disordering, coordination number, and mean square deviation in bond length (the Debye-Waller factor). The authors explained these changes in terms of coordination topological defect formation in the c-irradiated a-As 40 S 60 .
Chalcogenides were investigated for applications in industrial dosimetry. 28, 29 Various c-radiation-induced property changes have been considered for monitoring dose, including darkening of optical absorption, 30 changes in temperature dependence of optical transmission, 31 and changes in electrical conductivity. 3 Compositional dependence of dose sensitivity in the (As 40 S 60 ) x (Ge 33 S 67 ) 1Àx system led to higher accuracy in dosimetry. 32 Shpotyuk et al. 33 investigated the reversible changes in microhardness, optical, and acoustooptical properties, and the effect of annealing on these properties in vitreous As 2 S 3 . The authors explained these results using reversible defect formation and impurity radiolysis processes, which are interconnected. Shpotyuk et al. 34 studied the electron-induced dichroism (EID) in vitreous As 40 S 60 , by a beam of electrons with 2.8 MeV energy. The EID process was interpreted to be due to new oriented defects [undercoordinaterd atomic pairs, (As 2 + , S 1 À ), (As 2 À , As 2 + ), and (S 1 À , S 1 + )] formed by the irradiation.
In this article, we report c-radiation-induced changes in mechanical, optical, and structural properties of glasses, and their anomalous behavior in the As-S system. To the best of our knowledge, the radiation-induced changes in properties of As-S glasses have not been studied so far as a function of composition. While others have been frequently reporting on optical band gap changes, we rather choose to focus on refractivity (refractive index and density) changes and support these with measurements of glass structure -atomic (XRD), electronic (ESR), and vibrational (Raman spectroscopy). Nearly all previous works reported in the literature focused on changes from unirradiated to irradiated glasses at a single dose; rather, we investigated the effect of irradiation at multiple doses. In doing so, we have found that the structural evolution in refractivity (refractive index and density) is not constant as a function of dose, and different As-S compositions have substantially different behavior. The observed density decrease at the highest dose of radiation in As-S glasses has not previously been reported or explained in the literature.
II. Materials and Methods
Five As-S chemistries of chalcogenide glasses were studied (As x S 100Àx , where x = 30, 33, 36, 40, and 42), and were synthesized in the Non-Oxide Materials Synthesis Laboratory (NOMSL) at the Pacific Northwest National Laboratory (PNNL). [35] [36] [37] All samples were processed by melting highpurity elements (6N S from American Smelting and Refining Company (ASARCO), Tuson, AZ and 7N+ As from Alfa Aesar, Ward Hill, MA) in evacuated (10 À4 Pa or 10 À6 Torr) fused quartz ampoules while homogenizing in a Deltech rocking furnace (Deltech Inc., Denver, CO). All As-S samples were annealed at 140°C for~2 h.
Samples of all As-S glasses were irradiated at room temperature at the High Exposure Facility (HEF) at PNNL with gamma radiation using a 60 Co source at 2.8 Gy/s to accumulated absorbed doses of 1, 2, 3, and 4 MGy (absorbed dose relative to ionized air). The ionization chamber method used for the absorbed dose rate calibration is consistent with ICRU Report 14, 38 and values are traceable to the National Institute of Standards and Technology. The gamma irradiator includes a~30°solid angle collimator (~15 cm diameter at opening) at~150 cm height. Samples could be placed at any source distance physically possible, which was anywhere between 5 and 700 cm, with corresponding dose rates between about 0.01 and 240 Gy/min. The samples were closely placed in an arrangement and taped together making a disk. Samples were periodically repositioned to obtain uniform dosing. Various material characterizations were performed before and periodically during the irradiation, but not all measurements were taken at every dose step.
The density, 37, 39 refractive index, 37 XRD, 37 and Raman spectra 40 of unirradiated As-S glasses was previously reported. Sample densities were measured using a helium pycnometer (Accupyc 1330; Micromeritics Instrument Corporation, Norcross, GA). Systematic error using pycnometry according to calibration with aluminum and germanium standards is <0.5%. Standard deviation of multiple measurements was always <0.5% and in most cases <0.1%.
The refractive index at 632.8 nm was obtained with a modified prism coupler (Metricon 2010, Pennington, NJ), using gallium phosphide prisms and a germanium detector. Precision in the measurement of bulk samples was better than 0.0005, provided that the prism index was known as a function of temperature and the knee in the curve due to the onset of total internal reflection was resolvable. A more detailed analysis of the potential errors is discussed in the results.
Raman spectra were collected using a spectrometer (SPEX ® 1877; HORIBA Jobin Yvon, Edison, NJ) equipped with a liquid nitrogen cooled silicon CCD detector (Princeton Instruments, Trenton, NJ) and a 647.1 nm krypton ion (Omnichrome, Chino, CA) laser excitation. Data were collected in backscatter geometry using a 400 lm slit, with approximately 10 mW of laser power at the sample and a 100 s acquisition time.
XRD was performed on a Bruker D8 Advance diffractometer (Bruker AXS Inc., Madison, WI) with scan parameters 5-70°2h, step size 0.05°2h, and dwell time 5 s/step. The diffractometer was configured with a 250 mm radius, fixed 0.3°d ivergent slit, 2.5°soller slits (primary and secondary), and a 1-D LynxEye ® detector with a 3°2h active window. Various holders were used to minimize background, but due to small samples and metal holders, higher than desirable background was produced at larger angles. Data analysis was performed using JADE© 6 software (Materials Data Inc., Livermore, CA), where the first sharp diffraction peak (FSDP) was fit using a skewed Pseudo-Voigt function. The background was fit with manually selected background points and a cubic spline function.
ESR was performed on a Bruker Elexsys EPR in continuous wave mode with excitation frequency of~9.6 GHz. Coarsely ground glass was placed in a quartz tube at room temperature. The derivative of absorption versus magnetic field data was analyzed assuming a mixed Gaussian/Lorentzian derivative, after background subtraction of a signal from an empty quartz tube and baseline correction. to an accumulated dose of 4 MGy. The shape and distribution of fine cracks changed with stoichiometry of the samples. Gamma radiation generated stresses inside the glasses. These cracks suggested change of the glass structure as evidenced by our other results presented in this article.
III. Results
(
1) Index
Refractive index values are shown in Fig. 2 for all the compositions. For unirradiated samples (denoted as dose of "0") and 4 MGy irradiated samples, only one sample of each composition was measured. For doses of 1, 2, or 3 MGy, data points are the average of two samples measured. Error bars shown in Fig. 3 are either half the absolute difference between the indexes of the two samples or the estimated error due to thermal drift, as described below, whichever was the larger error. We estimated the thermal error of the index measurement as follows. Lab temperature was known to fluctuate 25 ± 4°C and dn/dT for the GaP prism is 160 ppm/°C at 633 nm. 41 As dn/dT of the As-S glasses was in the same positive direction as the prism, the overall measurement error was less than this bounding case. Assuming that the prism index was 3.3709 at 633 nm, 37 the maximum difference between the 21°C and 29°C index for any of the compositions was 0.0010. Therefore, ±0.0005 is a reasonable error from temperature drift.
Considering the possible measurement errors described above, the refractive index changes are significant. Irradiation clearly increases the index for all glasses tested except possibly As 40 S 60 and As 42 S 58 , the optimally constrained and over-constrained glasses, respectively (see Discussion on Network Fragility and Radiation Sensitivity). In our samples, the refractive index increases in the third decimal.
(2) Density and XRD Measured density (ρ) for all compositions is shown in Table I as a function of dose. The density of all our samples first increases then decreases at the highest doses to a value below that of unirradiated glass. It can be seen that all the glasses behave similarly except As 30 S 70 , the most under-constrained glass, which shows much larger relative density changes. Fig. 2 . Refractive index at 633 nm as a function of c-ray dose for As-S glasses as measured using the prism coupler. Error bars assigned as described in the text. Lines connecting the data points are guides to the eye. Fig. 3 . Effect of irradiation on the density and on the packing factor. Error bars on the packing factor are determined from the fit errors on the FSDP. Also shown is one example,for As 40 S 60 , of the raw XRD data from which the FSDP parameters were extracted. The extracted baseline is shown as a line under the peak, the locations for the center and the centroid angles are shown as solid and dashed vertical lines, and the FWHM number is shown inside the peak.
The packing factor (p) of layers in an amorphous domain can be derived from XRD data by means of the position and the full width half maximum (FWHM) of the FSDP. This analysis assumes that the FSDP can be modeled due to chemical ordering of void volume around cation-centered structural clusters. 42 The effective period of interlayer separation distance (R) and the correlation length over which quasi-periodic real space density fluctuations occur (L) can also be determined. 43 Furthermore, the diameter of free volume nanovoids (D V ) can be calculated from the peak position, and has been shown to be related to the characteristic distance corresponding to inter-atomic correlations (2nd and or 3rd neighbor inter-atomic distribution) or the first coordination sphere radius. 44 Kavetskyy et al. 27 measured the FSDP of an As 40 S 60 glass irradiated to 2.41 MGy and showed that the position changes little if at all, but the FWHM increases. This is explained as being due to photoexpansion causing widening of some interlayer distances (R) and increase in structural randomness. They have also indicated that the size of nanovoids (D V ) is not increased, but rather their number increased. The packing factor is computed by dividing the domain thickness of disordered layers (D S ) by the interlayer distance (R). 27 We performed a similar analysis on the As-S glasses, and now have data as a function of composition and dose. Table I summarizes both the fitting parameters of the FSDP (peak position, height, FWHM, and centroid) and the glass structural interpretation parameters as described above. Figure 3 shows the dose dependence of the packing factor for each composition. The calculated packing factor qualitatively follows trends in measured density for most of the glasses, providing independent support for the density decreases observed between 3 and 4 MGy doses. Only As 42 S 58 seems to be anomalous at the highest dose, where the packing factor continues to increase, but the density decreases. This may be due to phase separation (see Discussion).
(3) ESR and Raman Spectroscopy ESR response in these glasses lends additional insight into the electronic structure of the glasses. Likewise, changes in Raman response indicate vibrational structure changes. Together with XRD, these methods give a fuller picture of how the glass structure is changing as a function of gamma irradiation. Our ESR results (Fig. 4) show that the very sulfur-rich compositions (As 30 S 70 and As 33 S 67 ) have room temperature-stable ESR signals for the unpaired electron with spectroscopic splitting factor g = 2.020 ± 0.001. As 30 S 70 has a FWHM of 50.8 ± 1.2 Gauss with As 33 S 67 being slightly larger at of 53.5 ± 1.4 Gauss. These signals were present in the unirradiated glasses, and there was no observable trend with irradiation dose. To our knowledge, these are the first room temperature-stable ESR signals reported in sulfur-rich As-S glasses. No ESR signal was detected for As 36 S 64 , As 40 S 60 , and As 42 S 58 . These signals appear to be due to the structural arrangements in the glass, which do not permanently change with irradiation. Our data suggest that the unpaired electrons on the sulfur atoms are responsible for the ESR signal, and that the relative amounts of these do not change as a function of irradiation. We did not observe any stable unpaired electrons on arsenic atoms, as there was no ESR signal in arsenic-rich glasses. As our ESR data was taken roughly 6 months after irradiation, it is possible that transient paramagnetic defects (if occurred) had relaxed or recombined and therefore no new room temperature-stable unpaired electrons are created. Alternatively, as we approach optimally and over-constrained (arsenic-rich) compositions and structure, the glasses become more stable under radiation.
The Raman spectra of unirradiated glasses have been studied previously. 40 Once baselines were corrected, the glasses H is the height and b is the FWHM of the peak. Errors on the position, height, and FWHM are estimated standard deviations computed by the fit of pseudoVoigt functions after background subtraction. Fig. 4 . Electron spin resonance spectra taken at room temperature. Shown are unirradiated (À0) and irradiated (À4 MGy) ESR spectra for As 30 did not clearly indicate changes in Raman spectra from unirradiated to irradiated glasses with the exception of As 42 S 58 . Figure 5a shows the low frequency Raman spectra of As 42 S 58 under various conditions. Spectral analysis of the Raman data, including curve fitting, was performed using Thermo Scientific (Waltham, MA) Grams/32 AI software. Grams/32 AI uses the Levenburg-Marquardt non-linear peak fitting method. 45 It was applied here using Gaussian peak functions and restricted to the 207-260 cm À1 region of the spectrum. Prior to curve fitting, a decaying exponential baseline correction was used to remove the background due to Rayleigh scattering. The remaining spectrum was fitted to the four Gaussian functions and a linear baseline. Resulting curve fitting gave results with correlation (R 2 ) values ranging from 0.9989 to 0.9998. ) were used to assess quantitative changes. As 42 S 58 seem to indicate As-As phase separation with irradiation (assignments of As-As types according to Georgiev et al. ). Figure 5 (c) shows the area fractions of the four fitted peaks as a function of irradiation. Two interpretations of these data are possible. The increase in 237 cm À1 peak area seems to correspond to the decrease in 225 cm À1 peak area. In spite of the scatter in the data, this is plausible. It is conceivable that irradiation increasing the localized As-As bonds leading to monomer As 4 S 4 cluster formation (237 cm À1 ), while at the same time decreasing the network As 4 S 4 cluster formation (225 cm
À1
). This interpretation requires that the outlier at 2 MGy is due to difficulty in resolving the Raman peaks. Alternatively, it is possible that two trends exist, one at doses <2 MGy (decrease in monomer As 4 S 4 ), and another at doses >2 MGy (increase in monomer As 4 S 4 47 to be a mode in As 4 S 4 crystals at 212-215 cm À1 . The 215 cm À1 mode decreases and then increases as does the 237 cm À1 mode, which is interpreted as isolated As-As bonds in the network. 46 No assignment could be found in the literature for the 248 cm À1 mode.
IV. Discussion
(1) Irradiation Our results show that low-dose and high-dose c-irradiation produce different effects as reported in As 40 S 60 48 and As 10 Se 90 . 49 Density of our samples first increases up to 3 MGy and then decreases to a value below unirradiated glass at 4 MGy. Domoryad, 7 in a study on linear expansion of SiO 2 , Se, and As 40 Se 60 glass exposed to 60 Co radiation, first observed a linear expansion at low doses for unannealed glasses and then a contraction above~0.8 MGy to the peak dose of 1.9 MGy. Annealed glasses always demonstrated contraction (densification) with dose of c-irradiation up to 2 MGy. Ge-As-Se glasses were also observed to increase in density at doses up to 115 kGy. 50 Radiation-induced densification, a known phenomenon, can explain the increase in density and packing factor we observe in the As-S glasses at doses up to 3 MGy.
We have demonstrated that at higher doses, however, processes are different. More damage is occurring as indicated by the density decrease. Void formation can potentially explain the density decrease at 4 MGy, as we observed increasing cracking in the samples with irradiation. Positron annihilation studies indicate for other chalcogenide systems (As-Ge-S) that coordination topological defects are created as nanovoids introduced by c-irradiation.
14 Kavetskyy et al. 27 measured the FSDP of an As 40 S 60 glass irradiated to 2.41 MGy and showed that the position changes little if at all, but the FWHM increases. This is explained as being due to photoexpansion causing widening of some interlayer distances (R) and increase in structural randomness. They have also indicated that the size of nanovoids (D V ) is not increased, but rather their number increased. The overall effect is an increase in volume due to an increase in numbers of nanovoids (each~97 Å 3 in volume) associated with undercoordinated topological defects produced by irradiation. This type of defect could account for a decrease in density at high doses. As far as c-induced coordination defects appear in pairs of under-and over-coordinated atoms, densification around the latter can be the reason for cracks development (Fig. 1) . In addition, As 2 S 3 glass can be described as a network of S-bridging pyramidal As(S 1/2 ) 3 units, which also contributes to the density and volume change observed in our experiments.
(2) Network Fragility and Radiation Sensitivity Further insight from the density data can be gained by representing the As-S compositions according to their average covalent coordination number, <r>, representative of the network connectivity or fragility. 37, 51 For As-S glasses, <r> < 2.40 glasses (As content <40 at.%) are underconstrained, <r> = 2.40 glass (As 40 S 60 ) is optimally constrained, and <r> > 2.40 glasses (e.g., As 42 S 58 ) are over-constrained. The molar volume versus composition plot in Fig. 6 (a) suggests that something different is happening with the As 30 S 70 compared with the other glasses, as its molar volume decreased below that of As 33 S 67 starting at 3 MGy. Figure 6 (b) reinforces this, noting that the relative density change is largest for As 30 S 70 . Considering that is the most under-constrained ("floppy"), it seems reasonable that it should densify (reduce its molar volume) the most out of all the glasses studied.
From the refractive index measurements, it appears that network connectivity also plays a role in the error bars of the index measurement. Where more than one sample was measured (1, 2, and 3 MGy irradiations), the variability error was less than the estimated thermal error for all compositions except the most under-constrained glass (As 30 S 70 ) and the most over-constrained glass (As 42 S 58 ). This may be an indication of inhomogeneity of these two glasses. Relative refractive index change, however, does not seem to have a clear variation with composition, where Dn/n unirradiated is 0.0013-0.0026, with Dn defined as n 4MGy Àn unirradiated . As 40 S 60 shows almost no index change until 4 MGy, at which point there is a large index increase, presumably due to damaged and broken bonds that increase the polarizability. As 40 S 60 , the optimally constrained glass, is expected to be more stable than the other glasses, and such glasses have been shown to be more resistant to aging caused by gamma irradiation. 52 As 42 S 58 , being over-constrained, is also resistant to network breaking, and so the increase in refractive index is comparatively less for this composition than for those on the sulfurrich side of stoichiometric As 40 S 60 .
A few other observations of refractive index change due to irradiation have been reported in the literature. The 5 lm refractive index of electron-irradiated As 2 S 3 glass increased linearly with fluence from 10 15 to 10 17 cm À2 at same time that the energy gap decreases, although no change in density was noted. 53 Neutron-and c-irradiated (in a reactor) vitreous silica also showed increase in density and refractive index, whereas quartz showed decrease in density and refractive index. 54, 55 Soda-lime-silica glasses also showed an increase of refractive index with 54 kGy irradiation, and density decreased slightly and then increased only modestly as a function of increasing dose. This behavior has been interpreted due to influence of the bivalent cation incorporation in the network. 56 Similar topological effects have been observed with c-ray-induced absorption in Ge-As-S glasses. 13 Gaczi 57 discusses the nature of photo-induced ESR signals in As-S glasses in a similar composition range to the ones discussed in our work. The character of the unpaired electron defect (denoted *), and its resulting ESR signal is different in sulfur-rich glasses (As-S-S*) than in arsenic-rich glasses (=As*). Budinas et al. 6 present the data on 0.1 MGy irradiation at 77 K of As 2 S 3 showing an ESR signal. In both these previous works, the As-S glasses were irradiated at low temperature and the ESR signal disappeared when warmed to room temperature.
We present the following interpretation of the unique densification behavior observed in As 42 S 58 . Although the calculated packing density does not decrease at 4 MGy, the density does decrease. If 4-coordinated As 4 * (3 sulfur + 1 arsenic) defects exist, they could cause local contraction while not affecting the overall layer spacing upon which the packing factor is primarily dependent. However, if these defects are present, they should be ESR active, 57 but we do not observe any persistent ESR signal in the over-constrained As 42 S 58 glass.
It may be that such paramagnetic defects are transient and quickly decay into As-rich phase separated regions as suggested by Raman spectroscopy, where there are no unpaired ESR-active electrons. Alternatively, such defects can appear as a result of c-irradiation in the form of diamagnetic over-(positively charged) or under-(negatively charged) centers. In that case, the diamagnetic charged defects (e.g., As4 + ) will not respond in terms of ESR signal, but would influence density and packing factor.
Our interpretations of As-As phase separation are consistent with other observations in the literature. As 42 S 58 films when irradiated with a Hg lamp or annealed, decreases As 4 S 4 molecules (224 cm À1 ) and S-S bonds (495 cm À1 ), but increases As-As isolated bonds (235-237 cm À1 ). 58 It was also reported that far-IR vibrations of As-As units increased for gamma-irradiated As 2 S 3 .
10 Few known Raman spectra of gamma-irradiated glasses, in this case in the family Ge-As-S 12 and Ge-As-Se 59 , indicated the scission of weaker bonds. We did not see the reduction in Raman intensity for irradiated As 40 S 60 glass, as Zhao et al. 25 did for their glass. We consider our interpretations interim warranting more detailed investigation.
In conclusion, many of our glasses (As 30 S 70 , As 33 S 67 , As 36 S 54 ) have under-constrained networks and therefore will age undergoing a shrinkage or contraction under c-irradiation conditions. The over-constrained glass (As 42 S 58 ) will age by stress relaxation, which involves bond rupture and phase separation. 52 Our data show that the largest change in density is with the As 30 S 70 , the most under-constrained glass, whereas the others are similar to each other. Optimally constrained network glass As 40 S 60 is not expected to undergo radiation-induced aging. However, our As 40 S 60 sample shows some density changes, but minimal refractive index changes until 4 MGy where radiation-induced damage due to void density increase becomes pronounced. 
V. Conclusions
Our results demonstrate that c-irradiation produces changes in structure of As-S glasses. Refractive index at 633 nm increases with irradiation for As 33 
